Background: Pembrolizumab (P) is an anti-PD-1 antibody that blocks the interaction between programmed cell death protein 1 (PD-1) on T-cells and PD-L1 and PD-L2 on tumour cells. A phase Ib trial of P plus chemotherapy was undertaken to evaluate the safety and efficacy.
In recent years, there has been fervor over the potential promise of immunotherapy for treating advanced solid tumours. Interest was piqued by the first reports of single agent activity of checkpoint inhibitors in low immunogenic cancers such as non-small cell lung cancer (NSCLC) (Herzberg et al, 2016) . Since 2014, there are now three FDA approved inhibitors of programmed cell death protein 1 (PD-1) and PD-1 ligand (PD-L1) with indications across a number of solid tumours, including NSCLC. Yet, for many patients with advanced cancers under those approved indications and many more patients with other types of tumours, the responses and durability of those responses have significant room for improvement.
Cancers may possess multiple modalities to evade immune response including secreting cytokines such as TGF-b and IL-10 or other molecules such as PD-L1 and forming an immune suppressive microenvironment populated with T-regulatory cells (Tregs), macrophages and myeloid-derived suppressor cells (MDSCs) (Duffy and Greten, 2014) . By causing apoptotic cell death of cancer cells, chemotherapy can be immunogenic by stimulating anticancer immune effectors directly or mitigating immunosuppressive mechanisms (Zitvogel et al, 2011) . Systemic chemotherapy may stimulate immunosurveillance by antigenicity, immunogenicity or susceptibility (Zitvogel et al, 2013) . Antigenicity is the result of increasing the expression or presentation of tumour-associated antigens on the cell surface of cancer cells. Immunogenicity is causing tumour cells to emit 'danger' signals that trigger innate immune responses by operating as adjuvants.
Susceptibility is enhancing the likelihood that tumour cells will be recognised and killed by immune effectors.
One means to improve on the efficacy of this approach potentially involves the combination of checkpoint inhibition with agents or tools of different mechanisms of action in the hopes of a deliverance of a windfall of synergism (e.g., chemotherapy, radiotherapy, targeted therapy or other types of immunotherapy). There have been recent clinical data on synergetic effects of cytotoxic chemotherapy given in combination with checkpoint inhibitors (Langer et al, 2016; Rizvi et al, 2016) . We hypothesise that with sufficient tumour cell kill with the combination of systemic cytotoxic and pembrolizumab (P), a PD-1 inhibitor, the response may be enhanced to achieve long durable complete responses. This phase Ib study was designed to identify the recommended phase II dose (RP2D) for several systemic chemotherapies in combination with P.
MATERIALS AND METHODS
Study design. This Phase Ib, open-label trial included six separate treatment arms for adults with advanced solid tumours and was performed at a single centre in the United States. Enrolment on the phase Ib portion was between 19 December 2014 and 22 July 2015. Prior to initiating any protocol-related activities, signed written informed consent was obtained from each patient. The study protocol, amendments to the protocol and the sample informed consent file were reviewed and approved by the Western Institutional Review Board (WIRB) and the study was registered on clinicaltrials.gov (NCT02331251). The study conformed to Good Clinical Practice guidelines and in accordance with the ethical principles set forth in the Declaration of Helsinki.
P 2 mg kg À 1 was administered intravenously over 30 min every 21 days and infused prior to the start of the assigned chemotherapy arm. No dose reductions of P were permitted. The starting dose levels for each treatment arm were as follows: Criteria for inclusion in and exclusion from the study are listed in Section 1 of the Supplementary Section. Patients remained on treatment until disease progression (PD), refusal, withdrawal of consent or occurrence of unacceptable toxicity.
Study end points. The primary objective of the study was to determine the RP2D of chemotherapy in combination with P in subjects with advanced cancer. Secondary objectives included determining (i) the frequency of grade 3 or higher treatment-related adverse events, (ii) the response rate by immune-related response criteria (irRECIST) (Nishino et al, 2013) and response evaluation criteria in solid tumours (RECIST) 1.1 criteria (Eisenhauer et al, 2009) and (iii) the overall survival and progression-free survival for enrolled patients.
Assignment of study participants to treatment groups and dose de-escalation modalities. The dose de-escalation scheme (Le Tourneau et al, 2009 ) was initiated whereby standard doses for cytotoxic chemotherapy were based or modified to conform with an every 21-day dosing cycle to coincide with standard P dosing at the time of study launch. For example, Arm 3 omitted day 15 gemcitabine and nab-paclitaxel dosing, and on Arm 6 liposomal doxorubicin was based on routine medical oncology practice dosing of 40 mg m À 2 on a 28-day schedule and converted to 30 mg m À 2 on a 21-day schedule. If on any of the treatment arms, p1 of 3 patients experienced first cycle DLT, up to 3 more patients were enrolled. If X2 or more patients on a dose level experienced first cycle DLTs, the MTD was considered to have been exceeded and 3 patients were treated at the predefined lower dose level. To be declared the RP2D, the dose level being explored would require no more than one of six patients with a DLT.
Toxicity was graded according to the NCI CTCAE version 4.03, with DLT being defined in this study as any event for which the relationship to study treatment could not be definitely excluded. Events that can classify a DLT are provided in Section 2 of the Supplementary Section.
Subjects were replaced if they do not complete the planned dose on cycle 1 day 1 because of an infusion reaction, provided that the infusion reaction was not grade 3 or higher.
Treatment. No more than two intrapatient dose de-escalations were allowed. Initially, dexamethasone premedication was not allowed. However, upon observation of increased nausea, vomiting (despite use of other antiemetic agents), as well as rash and oedema in the extremities due to the systemic chemotherapy, the protocol was amended in September 2015 to require dexamethasone 12 mg intravenous premedication on the days of systemic chemotherapy administration. This decision was also based on observations that safety and efficacy from other ongoing immunotherapy plus chemotherapy trials at the time were not impeded by steroid premedication. Recommended dose modifications in Supplementary Table S1 were only applied to toxicities observed during or after the first and subsequent cycles of treatment.
Removal of participants from treatment or assessment. Patients could continue therapy unless there was PD at any time, they experienced unacceptable toxicity dictating cessation of treatment, there was a change in their medical status (including pregnancy) such that the investigator believed that their safety was compromised or that it was in their best interest to stop treatment, they withdrew consent, they were non-compliant with protocol requirements or were lost to follow-up.
Efficacy assessments. Determination of antitumour efficacy was based on objective tumour assessments performed according to RECIST 1.1 (Eisenhauer et al, 2009 ) and irRECIST (Nishino et al, 2013) , and treatment decisions by the investigator were based on these assessments. A clinically stable patient meeting criteria for PD on RECIST 1.1 but with stable disease (SD) or better by irRECIST was permitted to continue on protocol until there was clinical deterioration, significant toxicity or PD by irRECIST.
Safety assessments. Severity of AEs was graded according to NCI CTCAE version 4.03. For each event, the highest severity grade attained was reported. The causality between each AE and study treatment was classified according to the following terms: definitely not related, unlikely related, likely related and definitely related.
Statistical and analytical plans. For the evaluation of the primary end point (i.e., RP2D), all treated patients were considered, except those who had failed to receive a complete first cycle of treatment for reasons other than DLTs. In this case, these patients were replaced with additional patients at the same dose level, in accordance with the protocol. All patients who were evaluable for the primary end point were displayed in the study outputs.
RESULTS
A total of 50 patients were enrolled and 49 patients were dosed on the Phase Ib study. One patient was enrolled but never treated due to an acute GI bleed prior to initiation of treatment. Two patients were unevaluable for DLT assessment and were replaced. At the time of data-cutoff on 1 December 2016, all patients were off study treatment.
The median age at study entry was 55 years and 36 were women (Tables 1 and 2 ). All but one patient had a KPS performance status of 80% or better at the time of enrolment. The most common cancer types included breast cancer (12 patients), pancreatic adenocarcinoma (PDAC) (11 patients), NSCLC (8 patients), sarcoma (7 patients), small cell lung cancer (SCLC) (5 patients) and ovarian cancer (2 patients). At study entry, all patients were pathologically confirmed to have advanced metastatic disease. Thirty-seven patients (75.6%) including all patients in arms 1, 2, 4 and 5 had been pretreated (having received at least one prior systemic therapy (e.g., chemotherapy, targeted therapy or hormonal therapy) that had been used mostly in the metastatic setting). The number of treatment cycles per patient per treatment arm is provided in Supplementary Table S2 .
Dose de-escalation by arm and first cycle DLTs. In Arm 1, there was one DLT (received less than 25% planned dose due to grade 4 neutropenia), and RP2D is gemcitabine 1000 mg m À 2 days 1 and 8 every 21 days with P on day 1. Arm 2 enrolled one patient and was closed for futility after observing that several prescreened patients would not be eligible for this treatment arm and it would not accrue in an adequate time frame. Arm 3 initially enrolled treatment naïve and previously treated PDAC patients. There were two DLTs (grade 3 thrombocytopenia) observed in the first five patients. Upon further review, these DLTs were seen only in previously treated PDAC patients. The protocol was amended to split this arm into 3a (treatment naïve PDAC) and 3b (previously treated PDAC), where Arm 3b was dose reduced to gemcitabine 800 mg m À 2 and nab-paclitaxel 100 mg m À 2 on days 1 and 8 every 21 days with P on day 1. The RP2D for Arm 3a is gemcitabine 1000 mg m À 2 and nab-paclitaxel 125 mg m À 2 on days 1 and 8 every 21 days with P on day 1. On dose level 1 on Arm 4, there were two DLTs in six patients (received less than 25% planned dose due to grade 3 and grade 4 neutropenia, respectively). On dose level À 1, there was one DLT in six patients (grade 3 thrombocytopenia) and the RP2D for Arm 4 is gemcitabine 800 mg m À 2 and vinorelbine 20 mg m À 2 on days 1 and 8 every 21 days with P on day 1. On dose level 1 on Arm 5 there were two DLTs in five patients (grade 3 fatigue and grade 3 nausea, vomiting, and diarrhoea). On dose level À 1, one patient withdrew consent and was not evaluable for DLT. At this dose level, there was one DLT in six patients (grade 3 rash and papilloedema), and the RP2D for Arm 5 is irinotecan 250 mg m À 2 with P on day 1 every 21 days. Arm 6 had one patient that developed a grade 2 infusion reaction within the first 2 min of liposomal doxorubicin infusion and because of safety concerns with drug re-challenging, she was removed from the study and replaced. Going forward, premedication with diphenhydramine was mandatory on Arm 6 and there were no DLTs in the subsequent six patients. The RP2D for Arm 6 is liposomal doxorubicin 30 mg m À 2 with P on day 1 every 21 days (Table 3) .
Safety results by treatment arm. All (100%) receiving study treatment experienced at least one treatment-emergent AE (TEAE), with 28 patients (57.1%) experiencing TEAEs of grade 3-4 (Table 4 ). Once dexamethasone premedication was introduced to all subsequent patients (affecting Arms 3-5), the incidence of gastrointestinal AEs (e.g., nausea, vomiting) and oedema in the extremities and rash decreased.
Immune-related adverse events (irAEs) (likely or definitely related) were reported in 50%, 100%, 77.8%, 0%, 33.3%, 33.3% and 57.1% of patients on Arms 1, 2, 3a, 3b, 4, 5 and 6, respectively. Of these, two irAEs led to a dose reduction (both DLTs, one in Arm 4 for grade 3 hypoxia with grade 2 nausea and vomiting and the other in Arm 5 for grade 3 rash and papilloedema). Patient level TEAEs are provided in Supplementary Table S2 .
After mandatory premedication with dexamethasone was initiated (see Supplementary Table S2 ), the frequency of grade 3/4 events appears to have decreased. The average number of grade 3/4 events per patient that enrolled prior to this amendment was 1.1 vs 0.75 grade 3/4 events per patient, respectively. The incidence of likely or definitely related irAEs for patients was also higher prior to the amendment at 20 of 37 (54.1%) compared with 4 of 12 (33.3%).
Two patients died during the study (i.e., within 30 days of coming off study) due to PD (one case each of PDAC and NSCLC, respectively), but these deaths were deemed not to be related to the study medication.
Efficacy results by treatment arm. Forty-five of 49 patients (92%) treated on the study were evaluable for efficacy. On Arm 1, the best response was PD. On Arm 2, the best response was SD. On Arm 3a, the best response was partial response (PR) for two patients and SD for six patients. On Arm 3b, the best response was PD. On Arm 4, the best response was PR for one patient, SD for three patients, and PD for 7 patients. On Arm 5, the best response was PR for four patients, SD for one patient and PD for six patients. On Arm 6, the best response was PR for 1 patient, SD for two patients, and PD for three patients (Table 5) . Representative responders for Arms 3a, 4, 5 and 6 are displayed in Supplementary Figures S1-S4 . 
DISCUSSION
In 2016, nearly 600 000 individuals diagnosed with cancer will die from their disease (Cancer Facts & Figures 2016 | American Cancer Society) . While some may have long-term disease-free intervals, for most individuals who are diagnosed with metastatic disease, the survival rate is less than 5 years. For primary cancers of the lung, connective tissue or pancreas, few individuals will live 2 years with metastatic disease. Patients with metastatic disease are usually treated with systemic chemotherapy, with the intent of prolonging survival and palliate symptoms (e.g., pain, weight loss and decreased performance status). For the most common advanced stage cancer, there are consensus guideline first-and/or second-line systemic treatment recommendations. Year after year, randomised trials are designed and launched to try and improve on median overall survival outcomes. In oncology, the success rate from phase I to FDA approval is a dismal 11% (Hay, 2011) . Even with the successful phase III clinical trials, the improvement in overall survival is modest, increasing the median by weeks to several months. For common non-haematologic cancers (and many rare cancers), there are no design strategies that are primarily seeking to attain complete (and hopefully durable) responses.
There have been promising results with checkpoint inhibitors across multiple tumours, including in melanoma, renal cell carcinoma and NSCLC (Topalian et al, 2012; Robert et al, 2014) . There is now accumulating data on the presence of PD-L1 expression across a number of tumour types, including SCLC, PDAC and sarcoma (Bigelow et al, 2013; Kim et al, 2013; Yu et al, 2017) . While PD-L1 and/or mutational tumour burden appear to be useful for identifying those most likely to benefit from singleagent checkpoint inhibition, when combination therapy is considered this biomarker does not appear to have a definitive role (Topalian et al, 2012; Wolchok et al, 2013; Le et al, 2015) . Additionally, the functional state of the host immune system and/ or its interaction with microbiota can have an impact on the therapeutic efficacy of systemic treatment (Sivan et al, 2015; Vetizou et al, 2015) .
The present study is one of the first reported multi-arm systemic chemotherapy in combination with PD-1 inhibitors across diverse advanced solid tumours. Several systemic chemotherapy agents have been implicated in having immunotherapeutic-enhancing properties. For the agents evaluated in this study, we briefly outline the reported effects of gemcitabine, docetaxel, paclitaxel, vinorelbine, irinotecan and doxorubicin (Galluzzi et al, 2012; Duffy and Greten, 2014) . Gemcitabine can increase class I HLA expression, Overall, 50 patients with advanced/metastatic solid tumours were enrolled and 47 were evaluable for the primary endpoint. Each completed treatment arm has a RP2D. Arm 3b is unlikely to complete accrual for RP2D. Main toxicities observed were transaminitis, cytopenias, rash, diarrhoea, fatigue, nausea and vomiting. There do not appear to be a signal for increased immune-related AEs, particularly once dexamethasone premedication was administered on the days of systemic chemotherapy infusion. There were multiple responses observed and a few appear to be supra-normal and may be a signal of potential synergy. The phase II portions of the arms with a RP2D are ongoing and subsequent future reporting of those results are planned.
There are ongoing studies involving a variety of immunotherapy plus targeted or chemotherapy agents now across a number of different cancer types and it remains to be seen which of these combinations will be true game changers and deliver long lasting responses with manageable or minimal toxicity. In conclusion, this study was successful in identifying the RP2D of multiple systemic chemotherapies in combination with P and in characterising the safety profile of these combinations on a 21-day treatment cycle. review and/or revision of the manuscript: all authors; administrative, technical or material support (e.g., reporting or organising data, constructing databases): LB, JC, JW, KG and GJW; study supervision: VK and GJW.
